Previous experiments on substitution of the residue Phe290 to Asp, Asn and Ser in NAD + -dependent formate dehydrogenase from soya Glycine max (SoyFDH) showed important role of the residue in enzyme thermal stability and catalytic properties (Alekseeva et al. Prot. Eng. Des. Sel., 2012a;25:781-88). In this work, we continued site-directed mutagenesis experiments of the Phe290 and the residue was changed to Ala, Thr, Tyr, Glu and Gln. All amino acid changes resulted in increase of catalytic constant from 2.9 to 3.5-4.7 s −1 . The substitution Phe290Ala led to K M NAD+ decrease from 13.3 to 8.6 μM, and substitutions Phe290Tyr and Phe290Glu resulted in decrease and increase of K M HCOO− from 1.5 to 0.9 and -2.9 mM, respectively. The highest improvement of catalytic properties was observed for SoyFDH Phe290Ala which showed 2-fold higher catalytic efficiency with both substrates. Stability of mutants was examined by study of thermal inactivation kinetics and differential scanning calorimetry (DSC). All five amino acids provided increase of thermal stability of mutant SoyFDH in comparison with wild-type enzyme. Mutant SoyFDH Phe290Glu showed the highest improvement-the stabilization effect was 43 at 56°C. The DSC data agree with results of thermal inactivation kinetics. Substitutions Phe290Tyr, Phe290Thr, Phe290Gln and Phe290Glu provided T m value increase 0.6°-6.6°. SoyFDH Phe290Glu and previously prepared SoyFDH Phe290Asp show similar thermal stability as enzymes from Candida boidinii and Mycobacterium vaccae N10 and have higher catalytic efficiency with NAD + compared with all described FDHs. Therefore, these mutants are very perspective enzymes for coenzyme regeneration in processes of chiral synthesis with dehydrogenases.
Introduction

NAD
+ -dependent formate dehydrogenases (FDHs, EC 1.2.1.2) catalyze the reaction of formate-ion oxidation to carbon dioxide, coupled with reduction of NAD + to NADH:
FDH widely occurs in nature-genes, encoded FDH can be found in bacteria, yeasts, fungi and plants (Tishkov and Popov, 2004; Alekseeva et al., 2011) . Bacterial, yeast and fungal FDHs are localized in cytoplasm. In plant cells, FDH is placed in mitochondria, while it is expressed in cytoplasm. One of the characteristic features of plant FDH genes is the presence of special nucleotide sequence at the beginning of the gene. The sequence encodes a signal peptide, which is responsible for the enzyme transport from cytoplasm to mitochondria (Colas des Francs-Small et al., 1993) .
For the first time, ever plant FDH gene was cloned from the potato (Colas des Francs-Small et al., 1993) . In our laboratory, we obtained genetic constructions containing FDH genes from plant Arabidopsis thaliana (AthFDH) and soy Glycine max (SoyFDH) without signal peptide sequences ( plasmids with full size cDNA of AthFDH and SoyFDH genes were kindly provided by Prof. G. Markwell and Prof. N. Labrou). AthFDH and SoyFDH were expressed in active and soluble forms (Sadykhov et al., 2006a; Alekseeva et al., 2010; Alekseeva et al., 2011) . The study of recombinant enzymes showed that SoyFDH has the best values of Michaelis constants with NAD + and formate and catalytic efficiency for both substrates, but is inferior in thermal stability to other FDHs (Alekseeva et al., 2011) . Comparison of SoyFDH amino acid sequence with other plant FDHs allowed us to find amino acid residues responsible for low thermal stability. For example, a single amino acid substitution Ala267Met provided stability increase of SoyFDH by several times (Alekseeva et al., 2012b) . SoyFDH also shows high resistance against inactivation by hydrogen peroxide (Savin and Tishkov, 2010) . This method is used for estimation of operational stability of FDHs (Slusarczyk et al., 2000; Felber, 2001) .
FDH crystals from A. thaliana were obtained and structures were solved both for apo-form (3JTM-1.3 Å and 3NAQ-1.7 Å) and holo-form (3N7U-2.0 Å). Amino acid sequence of SoyFDH and AthFDH shows high homology-85%. This allowed us to use AthFDH structures for constructing 3D-model not only for free SoyFDH (apo-form), but also for the enzyme in ternary complex with coenzyme and inhibitor (holo-form). The analysis of model structure revealed the amino acid residue Phe290 located on the surface of protein globule in the coenzyme-binding domain of the active site (Fig. 1) . To clear out importance of Phe290 for enzyme stability and activity, the mutant SoyFDHs with substitutions Phe290Asn, Phe290Asp and Phe290Ser were obtained (Alekseeva et al., 2012a) . It was found that the mutation Phe290Asp provided the highest improvement of thermal stability, but increased 3-fold K M for formate (Alekseeva et al., 2012a ). An increase of Michaelis constant was also observed for mutations Phe290Asn and Phe290Ser (Alekseeva et al., 2012a) . So, we decided to continue study role of Phe290 of SoyFDH in thermal stability and catalysis. In this work, we present results of obtaining and characterization of new five mutant SoyFDH, containing substitutions Phe290Glu, Phe290Thr, Phe290Tyr, Phe290Gln and Phe290Ala.
Materials and methods
Mutant enzymes structure modeling
To obtain structures of the mutant enzymes, we used the model structure of ternary complex of FDH from soy, described in earlier publication (Alekseeva et al., 2012a) . For structural analysis and mutant modeling, we used the protocol Build Mutants in Accelrys Discovery Studio 2.1 software.
Site-directed mutagenesis
Site-directed mutagenesis was performed by overlap extension PCR using a Tercik thermal cycler (DNA-Technologies, Russia). The reaction mixture (25 µl) included 2.5 µl 10× Pfu buffer (20 mM Tris-HCl, pH 8.8 at 25°C, 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 and 0.1% Triton X-100), 2 µl dNTPs (2.5 mM each), 1 µl DNA template (10 ng/µl), 2 µl forward and reverse primers (10 pmol/µl, Synthol, Russia), 0.5 µl Pfu DNA polymerase (10 U/µl, Fermentas, Lithuania) and 15 µl de-ionized water. PCR was carried out in 0.5 ml thin-walled tubes (Eppendorf, Germany). To avoid evaporation of the reaction mixture, 30 µl of mineral oil was added to each tube. The reaction tube was incubated for 5 min at 95°C followed by 25-35 cycles of 30 s at 95°C, 60 s at 56°C and 2 min at 72°C.
Two pairs of primers (SoyFor/T7rev and SoyRev/T7for) were used to obtain two fragments of the gene with necessary mutations. The sequences of the primers are quoted as follows:
T7_For
5′-TAATACGACTCACTATAGGG-3′ T7_Rev 5′-GCTAGTTATTGCTCAGCGG-3′ SoyF311Y_for 5′-GATGTTTGGTATCCACAGCCAGCTCCAA AG-3′ SoyF311Y_rev 5′-GGCTGTGGATACCAAACATCACCACTATAA CCT-3′ SoyF311A_for 5′-GATGTTTGGGCCCCACAGCCAGCTCCAA-3′ SoyF311A_rev 5′-GCTGTGGGGCCCAAACATCACCACTATAA CCT-3′ SoyF311T_for 5′-GATGTTTGGACCCCACAGCCAGCTCCAA-3′ SoyF311T_rev 5′-GCTGTGGGGTCCAAACATCACCACTATAA CCT-3′ SoyF311E_for 5′-GATGTTTGGGAACCACAGCCAGCTCCAA AG-3′ SoyF311E_rev 5′-GCTGTGGTTCCCAAACATCACCACTATAA CCT-3′ SoyF311Q_for 5′-GATGTTTGGCAGCCACAGCCAGCTCCAA AG-3′ SoyF311Q_rev 5′-GCTGTGGCTGCCAAACATCACCACTATAA CCT-3′
PCR products of the first two reactions were purified using a Gel Extraction Kit (Fermentas) and used as a DNA template in the third PCR with T7for and T7rev primers. The product of the third PCR was digested by EcoRI and KpnI. The fragments with desired mutations were purified and cloned into the same sites of the original pSoyFDH2 plasmid. The Escherichia coli DH5α cell line was transformed with the ligation products. Plasmid DNA was obtained with a GeneJET Miniprep Kit (Fermentas, Lithuania). The plasmids obtained were sequenced uning an Applied Biosystems 3100 Genetic Analyzer, which confirmed that all plasmids had the desired mutations only.
Expression of wild-type and mutant SoyFDHs
Mutant and wild-type SoyFDHs were expressed in E. coli BL21(DE3) CodonPlus/pLysS cells as described previously (Alekseeva et al., 2012a) . Competent E. coli cells were transformed by pSoyFDH2 plasmids with the mutations; the cells were grown overnight at 37°C on 2YT plates (16 g/l bactotrypton, 10 g/l yeast extract and 5 g/l sodium chloride, pH 7.0) with 100 μg/ml ampicillin and 25 μg/ml chloramphenicol.
Individual colonies from plates were transferred to tubes with 5 ml of 2YT medium containing chloramphenicol and ampicillin (25 and 150 μg/ml, respectively). Cells were cultivated at 30°C and 180 rpm until the absorbance value of A 600 equaled 1.0-1.2. Then, the cells were transferred to a 1 l flask with 150 ml 2YT medium containing 150 μg/ml ampicillin and cultivated at 37°С and 100 rpm. Lactose (10 ml, 300 g/l) was added at A 600 = 0.6-0.8; after which the cells were cultivated overnight at 20°C and 120 rpm. The biomass was harvested using an Eppendorf 5403 centrifuge (30 min, 5000 rpm, +4°С). The cells were re-suspended in 0.1 М sodium phosphate buffer, рН 8.0 (concentration 20%, w/v) and stored at −20°C.
Purification of wild-type and mutant SoyFDHs
The enzymes were purified using a protocol used previously for the purification of recombinant SoyFDH and its mutants (Alekseeva et al., 2012a) . The procedure included cell sonication at +4°C followed by overnight precipitation by ammonium sulfate (85% saturation) in 0.1 M sodium phosphate buffer, pH 7.0 (Buffer A). The precipitate was dissolved in 1.8 M ammonium sulfate in buffer A (Solution B). Insoluble proteins were removed by centrifugation, and the supernatant was purified on a Phenyl-Sepharose Fast Flow column (Pharmacia Biotech, Sweden) equilibrated with Solution B. The column was washed with 5 vol. of Solution B, and FDH was eluted using a linear gradient 1.8-0 M of ammonium sulfate in Buffer A. Fractions, showed enzymatic activity, were collected and desalted by gel-filtration through a Sephadex G-25 Fine column (Pharmacia Biotech, Sweden). The enzyme preparations were analyzed by SDS-PAGE on 12% gel. All enzymes could be stored at +4°С in 0.1 M sodium phosphate buffer, pH 7.0, for at least 6 months with minimum loss of activity.
Kinetic assay
FDH activity was determined in 0.1 M sodium phosphate buffer, pH 7.0, at 30°C by NADH production at 340 nm (ε 340 = 6220 M -1 cm -1 ) using a Shimadzu UV 1800PC spectrophotometer equipped with a Thermoelectrically Temperature Controlled Cell Positioner CPS-240A. The concentrations of sodium formate and NAD + in the cuvette were 0.6 M and 1.5 mM, respectively. Michaelis constants and maximum velocity were determined from dependence of reaction rate on variable substrate concentration at fixed saturation concentration of the second substrate (1.5 mM NAD + or 100-120K M , or 0.6 M sodium formate, i.e. 120-400K M ).
Non-linear regression method (Origin Pro 8.5) was used to fit experimental kinetic curves.
Determination of active site concentrations and catalytic constant
The concentration of active sites was determined as described by Romanova et al. (2010) on a Cary Eclipse Varian spectrofluorimeter with the excitation and emission wavelengths of 300 and 350 nm, respectively. In a typical experiment, 2.1 ml of enzyme solution (12.5-125 μg/ml) and NAD + (0.2 mM) in sodium phosphate buffer, pH 7.0, were transferred into a 3 ml quartz cuvette. The enzyme was titrated with 1-3 μl aliquots of sodium azide (0.1 mM). The fluorescence was measured after each addition of the azide solution. Straight lines approximated the initial and final parts of the titration curve, and the abscissa of the intersection point was taken as the concentration of the active sites. The catalytic rate constant was calculated from the slope of the linear dependence of the maximum velocity on the determined concentration of active sites (Origin Pro 8.0).
Thermal inactivation study
The thermal stability of the enzymes was studied by analysis of inactivation kinetics in a sodium phosphate buffer (0.1 M, pH 7.0). A number of Eppendorf tubes (0.5 ml) with 100 μl enzyme solution (0.2 mg/ml) were prepared for each experiment. The tubes were incubated in a water bath at different temperatures (48-64°C, ±0.1 o С). At fixed time intervals, a tube was transferred from the bath to cold water (+4°C) for 5 min. Then, the solution was centrifuged for 3 min at 12 000 rpm using an Eppendorf 5415D centrifuge. The residual FDH activity was measured as described previously. The rate constant of thermal inactivation was calculated from the slope of the linear dependence of ln(A/A 0 ) on time (semi-logarithmic coordinates ln (А/A 0 ) -t) using Origin Pro 8.5.
Differential scanning calorimetry
Differential scanning calorimetry (DSC) experiments were carried out on a DASM-4M device (NPO "Bioprobor", Pushino on Oka, Moscow region, Russia) in a cell (860 µl) containing 0.1 M sodium phosphate buffer ( pH 7.0) as described previously (Sadykhov et al., 2006a,b; Alekseeva et al., 2012a,b) . The enzyme concentration in the cell was 2 mg/ml, and the heating rate was 1°min -1 . The experimental curves were processed and the values of specific heat capacity were computed using the Matlab 8.0 and Origin Pro 8.0 software, respectively.
Results and discussion
Selection of amino acid residues for substitution and computer modeling of mutants' structure
In previous work (Alekseeva et al., 2012a) ] revealed a hydrophobic residue Phe290, localized on the surface of the protein globule in the coenzyme-binding domain of the active site (Fig. 1) . This residue shields the bound NAD + from the solvent. In the context of thermodynamics, the presence of hydrophobic residue on surface of the protein globule is unfavorable for enzyme stability. Therefore, we decided to set experiments on site-directed mutagenesis in that very position. Based on amino acid alignment of FDHs from different sources, residues Ser, Asn and Asp were chosen as substitutors of Phe290 (Alekseeva et al., 2012a) . In this work, we decided to introduce in position 290 another five residues-Ala, Tyr, Thr, Glu and Gln. Amino acid change Phe290Ala is a standard substitution. It removes hydrophobic phenyl moiety of Phe without influence on the enzyme structure. Residues Gln and Glu were chosen as the nearest homologs of Asp and Asn, to estimate the influence of side radical length extension on mutant enzyme properties (the remarkable fact is that the amino acid change Phe290Asp resulted in maximum thermal stability increase). Thr residue was selected as analog of Ser. The Tyr residue was chosen as a result of alignment analysis (Alekseeva et al., 2012a) , and also in order to estimate the influence of additional hydroxyl group in side radical on properties of SoyFDH. As was mentioned earlier (Alekseeva et al., 2012a) , Phe290 is localized close to Gln292, which is a part of conservative motif P(A)QP of FDH active center. This residue is not directly involved into the process of catalysis; however, it is responsible for wide pH ranges of enzyme activity (Tishkov, et al., 1996) . In all FDHs, conservative Gln residue (Gln292 in SoyFDH) is in tight contact with another conservative His (His311 in Soy FDH), which participates in formate-ion binding. For example, in ternary complexes of FDH from Pseudomonas sp.101 (structure PDB2NAD) and Moraxella sp.C-1 (Shabalin et al., 2009a,b) , the distance between Gln313 and His332 is only 2.76 and 2.81 Å, i.e. less than sum of van der Waals radii of two nitrogen atoms (1.71 Å). In similar complex of plant FDH from A. thaliana, the distance is 2.89 Å (structure PDB3N7U) . Modeling of structures of mutant SoyFDHs with chosen substitutions ( Fig. 2A-F ) demonstrated the formation of additional H-bond with Gln292 in all cases except the substitution Phe290Ala. This can lead to the allocation change and as consequence shifting of catalytically important residues. All additional H-bonds are listed in Table I . Adding of a hydroxyl group (substitution Phe290Tyr) leads to forma- tion of H-bond with Asp104 residue. In case of substitution Phe290Thr, the same H-bonds as with Phe290Ser amino acid change are formed, plus additional H-bond with Trp289. The substitution Phe290Gln results in the formation of H-bond with Thr269 residue, which duplicates the situation with Phe290Asn, characterized in the previous publication (Alekseeva et al., 2012a) . Herein, the substitution Phe290Gln causes the appearance of two additional bonds with residues Gly264 and Ala267. Introducing the amino acid change Phe290Glu results in formation of H-bond with Trp289 (as in the case of substitution Phe290Thr). Thus, the data of the structural modeling suggest probable growth of stability to all new mutant SoyFDHs (except the Phe290Ala) in comparison with the wild-type enzyme. The interaction between residues Phe290 and Gln292 indicates high probability of changes not only in stability, but also in catalytic properties of the enzyme, caused by these amino acid replacements.
Preparation of mutant SoyFDHs
Mutant and wild-type SoyFDHs were expressed in E. coli BL21(DE3) CodonPlus/pLysS cells to yield ca. 400-500 mg of target protein per 1 l of culture. The purity of the wild-type and mutant SoyFDHs preparations was at least 95% according to the SDS-PAGE (Fig. 3) . Also for comparison, the purified sample of FDH from bacterium Pseudomonas sp.101 (mutant PseFDH GAV) is shown in Fig. 3 .
Kinetic properties of mutant SoyFDHs
The kinetic parameters of mutant SoyFDHs, obtained in this work and earlier, are listed in Table II . The values of K M and V max were calculated from dependence of reaction rate on variable substrate concentration at fixed saturation concentration of the second substrate (see Supplementary Figs S1 and S2) . To calculate the catalytic constant, the active site concentration was determined by fluorescence quenching method (Romanova et al., 2010) (Alekseeva et al., 2012a) but in the case of last mutant enzyme, the highest increase of K M for formate was observed (3.40-fold, Table II ). The mutant SoyFDH Phe290Ala showed improvement in all three aspects: K M for both coenzyme and formate decreased 1.55-and 1.36-fold, respectively, and the catalytic constant increased 1.31-fold. The catalytic efficiency of this mutant increased 2-and 1.78-fold for the coenzyme and formate, respectively, which are the best ones for all described mutant and wildtype formate dehydogenases from other sources. Figure 4A shows the dependences of residual activity on time for new and previously obtained mutant SoyFDHs. The dependences are Last three mutants were prepared and studied in the previous work (Alekseeva et al., 2012a) . Gray highlights show mutant prepared in present work. Fig. 3 Analytical PAAG SDS-electrophoresis of SoyFDH preparations. 1-5, mutant SoyFDHs Phe290Ala, Phe290Tyr, Phe290Gln, Phe290Glu and Phe290Thr, respectively; 6, wild type SoyFDH; 7, mutant PseFDH GAV; М, markers of molecular mass, kDa.
Kinetics of thermal inactivation
linear in semi-logarithmic coordinates, ln(A/A 0 -t;, i.e. the inactivation of the mutant SoyFDHs as well as wild-type enzyme followed the first-order kinetics (Fig. 4A) . Inactivation rate constants k in in all cases did not depend on the enzyme concentration. Both data prove the monomolecular inactivation mechanism for all enzyme preparations. The figure clearly illustrates the fact that all substitutions lead to the improvement of thermal stability. Substitutions Phe290Gln, Phe290Glu and Phe290Thr show the highest stabilization effect among new mutants. The difference between all mutants obtained in this work was so striking that we had to carry out the experiments within different temperature ranges for wt-SoyFDH and mutant enzymes. Thermal inactivation was studied at 48-56°C for wt-SoyFDH, at 50-58°C for SoyFDH Phe290Ala and Phe290Tyr, at 52-60°C for SoyFDH Phe290Thr and Phe290Gln and at 56-64°C for SoyFDH Phe290Glu. The inactivation of mutant SoyFDHs proceeds through monomolecular mechanism. In this case, the transition state theory can be applied to describe the dependence of inactivation rate constant k in on temperature T according with the next equation:
where T is the absolute temperature in K, k B and h are the Boltzmann and Plank constants, respectively, R is the universal thermodynamic constant, ΔH ≠ and ΔS ≠ are the activation parameters for the process of enzyme thermal inactivation. This dependence can be linearized using the [ln(k in /T)] -1/T plot:
where const ¼ lnðk B =hÞ þ ðΔS ≠ =RÞ. The plots of inactivation rate constants k in versus temperature T are shown in Fig. 4B . The observed linearity of the above plots (Fig. 4B) confirmed the applicability of the transition state theory to describe the process of SoyFDH thermal inactivation. The values of activation parameters ΔH ≠ and ΔS ≠ are given in Table III. Table III shows that the chosen substitutions influenced the activation parameters differently. Replacement of Phe290 to Ala did not change neither ΔH ≠ , nor ΔS ≠ values. This can be explained by changing the residue Phe to Ala: it only eliminates the big hydrophobic residue, but no additional H-bonds are formed (Table I) . Substitutions Phe290Thr and Phe290Glu caused a significant increase in the ΔH ≠ value. Two other amino acid substitutions (Phe290Tyr and Phe290Gln) led to decreasing of both ΔH ≠ and ΔS ≠ . Table IV presents the values of the stabilization effect at different temperatures for five new mutant SoyFDHs, obtained in this work, and three mutants from the previous study (Alekseeva et al., 2012a) . These values were calculated using of activation parameters, ΔH ≠ and Differential scanning calorimetry Figure 5 represents DSC melting curves for wild-type and mutant SoyFDHs obtained. Both wild-type enzyme and mutant SoyFDHs showed irreversible denaturation. As it was observed in previous works (Sadykhov et al., 2006b; Alekseeva et al., 2012a,b) , the values of specific heat capacity did not depend on enzyme concentration (data not shown). Stability of wild-type and mutant FDHs is compared in Table V . The data show that mutant soy enzyme with substitutions Phe290Glu and Phe290Asp (obtained in this and previous work, respectively) is the most thermally stable among all described mutant SoyFDHs. These mutants are comparable in stability with FDHs from yeast Candida boidinii (CboFDH) and bacteria Moraxella sp.C-1 (MorFDH). It should be noticed that DSC data show good agreement with the results of the thermal inactivation kinetic experiments. Each k in is an average value of three independent measurements (0.1 M phosphate buffer, pH 7.0). 
